There is no generally accepted scientific theory for the cause of adolescent idiopathic scoliosis (AIS). As part of its mission to widen understanding of scoliosis etiology, the International Federated Body on Scoliosis Etiology (IBSE). introduced the electronic focus group (EFG) as a means of increasing debate on knowledge of important topics. This has been designated as an on-line Delphi discussion. The text for this debate was written by Dr TB Grivas. It is based on published research from Athens, Greece evaluating schoolchildren age 11-17 years for the relation of body mass index (BMI) to each of truncal asymmetry (TA) and menarcheal status. Girls with relatively lower BMI were found to have a significant excess of severe TAs and significantly later menarche confirming the well-known relation of BMI to menarche. Together with other evidence linking nutritional status to skeletal growth, the observations suggest energy balance via the hypothalamus is related to trunk asymmetry. As with a recent speculative hypothesis for the pathogenesis of AIS in girls, Grivas et al. suggest that the severe TAs involve a genetically-determined selectively increased sensitivity (up-regulation) of the hypothalamus to circulating leptin with asymmetry as an adverse response to stress (hormesis). The TA is expressed bilaterally via the sympathetic nervous system to produce left-right asymmetry in ribs and/or vertebrae leading to severe TAs when beyond the capacity of postural mechanisms of the somatic nervous system to control the shape distortion in the trunk. This EFG discusses the findings and interpretations of the paper by Grivas and colleagues as research at the borderland between the genesis of TA (physiogenesis) and AIS (pathogenesis). It is suggested that TAs, here regarded in common with AIS, result from the combination of secondary sexual development affecting body composition, adolescent skeletal growth velocity, and an asymmetry process. The possible involvement of epigenetic factors is not considered.
Background
Most experts agree that the cause of adolescent idiopathic scoliosis (AIS) is multifactorial with no generally accepted theory of pathogenesis [1, 2] . AIS may not be one disease but several types all with different initiating mechanistic processes going wrong and common factors contributing to progression [3] . This overall view reflects shortcomings in our understanding of the complex biological and biomechanical multifactorial processes, possibly interacting [4] , involved in AIS pathogenesis which need innovative thinking [5] , to which may be added new findings not explained by prevailing theories. In the latter connection, a novel speculative hypothesis for AIS pathogenesis was formulated recently from comparing skeletal growth and maturation in girls with higher and lower body mass index (BMI) subsets relative to median values; This double neuro-osseous theory involves the somatic and autonomic nervous systems in AIS pathogenesis [6] . Hitherto, the focus by Grivas and colleagues for the pathogenesis of idiopathic scoliosis concerned ribverrtebra angle asymmetry, growth, the somatic central nervous system, and gait (dinner-plate flagpole concept) [7, 8] . As the basis for the present paper, Grivas and colleagues [9] studied healthy adolescents age 11-17 years (girls 2930, boys 2817). Using BMI they found lower BMI subsets to be associated with an excess of severe truncal asymmetry (TA). In their research, TA was assessed during screening for scoliosis in a sitting, rather than a standing forward bending (FB) position; this was adopted because sitting FB readings express TAs free from the effects on TA of any leg-length inequality in the standing FB position. TA was measured as angle of trunk inclinations (ATIs) across the back in each of three regions, thoracic, thoracolumbar and lumbar, with abnormality defined as 2 standard deviations or more.
Grivas et al. [9] found:
no sex difference in TAs for any of the three spinal regions, thoracic, thoracolumbar and lumbar; severe TAs relative frequency was significantly higher in girls than boys for each of the right thoracic and thoracolumbar regions; and excess of abnormally increased TAs, and later menarche were each associated statistically with. relatively lower BMIs.
In interpreting their findings, Grivas et al. [9] speculatively applied to TAs the autonomic component of the double neuro-osseous pathogenetic theory for girls with AIS [6] , Grivas et al. suggested that severe TAs involve a genetically-determined selectively increased hypothalamic sensitivity to leptin with asymmetry as an adverse hormetic response (hormesis). TAs are viewed putatively as being expressed bilaterally via the sympathetic nervous system to produce left-right asymmetry in ribs and/ or vertebrae leading to severe TA when beyond the capacity of postural mechanisms of the somatic nervous system to control the shape distortion of the trunk. Possible epigenetic mechanisms [10] were not considered.
This EFG discusses the findings and interpretations of the paper by Grivas and colleagues [9] as research at the borderland between the genesis of TA (physiogenesis) and AIS (pathogenesis). Grivas et al. suggest here that the phenotypic sexual dimorphism of normal TAs is related to the onset and timing of puberty including the combination of three components, namely: 1) secondary sexual development affecting body composition, with girls depositing more white adipose tissue than boys, affecting circulating leptin levels; 2) adolescent skeletal growth velocity and 3) a putative asymmetry process as suggested recently for AIS girls [11, 12] . Both 1) and 2) and, in some AIS girls, possibly 3) are initiated and controlled by hypothalamic and local mechanisms [11] [12] [13] . This physiopathogenetic concept, in common with idiopathic scoliosis does not exclude the possibility of somatic nervous system mechanisms contributing to the causation of TAs in some healthy subjects as suggested for the trunk deformity of some AIS girls [6] .
Statement by Dr Grivas
In a recent publication [9] , the relation between truncal asymmetry (TA), body mass index (BMI) and menarcheal status was evaluated in healthy adolescents age 11-17 years (boys 2817, girls 2930).
(1) Each child was assigned a value of "lower" or "higher" BMI relative to median values constructed for each age group, gender, position and spinal region.
(2) The sitting FB position is thought to express intrinsic TA free from extrinsically-induced effects of any leglength inequality. The analyses of the findings for the pathogenetic interpretation utilise these data.
(3) In the sitting FB position for severe TA: a) there is no sex difference in TAs for any of the three spinal regions, thoracic, thoracolumbar and lumbar; b) an excess of right relative to left ATIs outside 2 SDs in both boys (p = 0.020) and girls (p = 0.009) p values; c) the relative frequency of severe TAs is significantly higher in girls than boys for each of the right thoracic and thoracolumbar regions; and d) after correcting for age, lower BMIs are associated with more severe TAs in boys and girls.
(4) Mean estimated age at menarche was significantly later in the lower BMI subset, than in the higher BMI subset (mean and SD respectively 12.10 ± 1.21 years, and 11.61 ± 1.26 years, p < 0.001).
(5) The girls with relatively lower BMI are associated with significantly later menarche, and a significant excess of severe TAs. These observations together with other evidence [6] suggest a relation of trunk asymmetry to energy balance via the hypothalamus.
(6) As with a recent hypothesis for the pathogenesis of AIS in girls [6] , it is suggested that severe TAs are caused by a genetically-determined selectively increased sensitivity (up-regulation, i.e. increased sensitivity) of the hypothalamus to circulating leptin with asymmetry as an adverse response to stress (hormesis)(LHS concept). This hypothalamic functional asymmetry is expressed via the sympathetic nervous system bilaterally to produce left-right asymmetry in ribs and/or vertebrae leading to severe TAs, when beyond the capacity of postural mechanisms of the somatic nervous system to control the shape distortion in the trunk [6] . (7) It is suggested that the majority of girls and boys with TA who do not progress to AIS [14] , may have less severe involvement of their autonomic and somatic nervous systems. They may also lack the hormonal changes [6] and osteopenia [15] of preoperative girls with AIS [6] , both of which may contribute to the curve severity and the biomechanical spinal growth modulation of progressive AIS [3] .
Comments, questions and responses Trunk asymmetry
Comment no1 I have observed trunk asymmetry (TA) in normal children. When it occurs it is connected with the "Syndrome of Contractures" described by Professor Mau [16] .
Response Yes, there is trunk asymmetry (TA) in normal childrenthe "constitutional trunk asymmetry" [14, 17, 18] which is not necessarily connected with, or due to, the "Syndrome of Contractures [16] ".
Other bilateral asymmetries
Comment no2 Dr. Grivas' cohort is very impressive. I assume by trunk asymmetry he is referring to the spinal column and ribcage and does not include the asymmetric shoulder line or oblique pelvis.
Response. Yes, our research refers to trunk asymmetry (TA) related to the spinal column and ribcage, not to the shoulder line, or oblique pelvis. In many patients with AIS there is also an asymmetric shoulder line and/or oblique pelvis which were not recorded in our data collection.
Some skeletal imaging studies of the trunk including asymmetries are: rib-vertebra angle (RVA) asymmetry [7, 19, 20] , thoracic ratios [21] , convex/concave rib-hump index ('double rib contour sign [22, 23] ; vertebral sagittal profile [24] [25] [26] , radiographic axial vertebral rotation [27] [28] [29] , ultrasound axial vertebral and rib rotations [30] , and ultrasound spine-rib rotation difference (SRRD) [31] .
In extra-spinal sites (other than the CNS), widespread bilateral asymmetries have been detected in AIS subjects (see Appendix):
in the trunkbreasts [32, 33] , ribs [34] [35] [36] [37] [38] [39] , chest wall blood supply [40, 41] , and iliac height [42, 43] ; in upper limbs, upper arms [11, 12, 44] and forearmwith-hands [45] ; in lower limbs, femoral neck-shaft angles [46] , femoral anteversion [47, 48] , femoro-tibial correlations [49, 50] , ilio-femoral length [51] , tibial length [43, 52] but not tibial torsion [48, 53] , in the head, skull vault [54] , face [55] , orthodontic anomalies [56, 57] and vestibular apparatus [58] .
Widespread bilateral skeletal asymmetries characterise the phenotype of idiopathic scoliosis. Surface trunk asymmetry, upper arm length asymmetry and iliac height asymmetry each correlate significantly with adjacent spinal curve severity suggesting a common pathogenesis.
Scoliometer readings
Comment no3 I have problems with the Scoliometer on two counts:
(a) it is not accurate, and (b) we are bi-pedal and do not live on all fours. If scoliosis surgeons only used radiographs of the forward bending test, i.e. rib horizon, I doubt if many would be keen for surgery. As Bunnell [59] and others have shown, rib asymmetry does not always equate with vertebral column asymmetry.
Response.
The accuracy (intra-and inter-reliability) of the Scoliometer has been reported, Grivas et al. [60] (Table 1) . Murrell et al. [61] reported on Scoliometer reliability. They noted that there was almost perfect agreement between the thoracic Scoliometer measurements in degrees with an intra-reader error of 1.2 degrees; a similar high agreement was observed in lumbar Scoliometer measurements in degrees with an intra-reader error of 1.6 degrees. They highlighted that the Scoliometer can be used reliably by a single trained observer to measure trunk rotation; and that their current practice uses the Scoliometer in every physical examination of patients being screened for, or with, scoliosis.
The question for clinical practice is: What exactly does the Scoliometer assess? It assesses surface ribcage asymmetry, and not spinal column deformity, traditionally assessed using radiographs (Cobb angle). These measurements assess two quite different morphologies. In a number of publications, the authors have evaluated the correlation of these measurements with a view to reducing radiation exposure in clinical assessment [22, 23, 62, 63] .
Amendt et al. [64] reported that Scoliometer measurements made by two raters on 65 persons with idiopathic scoliosis correlated with radiographic agreement of both vertebral (pedicle) rotation and lateral curvature (Cobb method). Correlations with pedicle rotation ranged from 0.32 to 0.46 and with Cobb angle from 0.46 to 0.54. Frequency analysis revealed relatively good specificity, sensitivity, and predictive capability of the Scoliometer. Intra-rater and inter-rater reliability coefficients were high (r = 0.86-0.97). These results indicate good measurement reproducibility. The less than optimal between method correlation coefficients suggest that the validity of Scoliometer measurements is not sufficient to use this method alone for determining patient diagnosis and management. But based on positive-frequency analysis the use of this instrument as a screening device would be appropriate. These findings can be accepted especially if we consider some new knowledge based on the recent published research on the correlation of surface (truncal) and axial (spinal) deformity by Grivas et al. [23] . Grivas et al. [23] reported that in girls with idiopathic scoliosis, growth has a significant effect in the correlation between the thoracic and spinal deformity In younger children, the concordance of surface and spinal deformity is weak and becomes stronger as the children grow. Therefore, in younger children with surface/trunk asymmetry, the prediction of the spinal deformity alone from the surface topography is inaccurate. This knowledge relating to age should be taken into consideration when assessing spinal deformity from surface measurements, and correlating surface and radiological readings.
Huang et al. [62] reported on the effectiveness of this instrument and studied the correlation of Scoliometer with radiographic readings. They concluded that the value of the Scoliometer in school scoliosis screening still needs further evaluation. This statement in our opinion underestimates the value of the Scoliometer for screening asymmetry and is not acceptable. The age range of screened children by Huang et al. was 12 -14 years old. As we discuss below in this age range of screened children, the correlation of surface and radiographical deformity is not statistically significant, therefore the author's findings were expected and predicted.
We reported [22] that in children younger than 14 years with a double rib contour sign (DRCS) and rib hump (rib index >1), the correlation of surface (Rib index) and radiographical (Cobb angle) deformity is not statistically significant, which is the case in children older than the age of 14. Analysing the above statement it is useful to say that all lateral spinal radiographs in idiopathic scoliotics show a double rib contour sign (DRCS) of the rib cage, a radiographic expression of the rib hump. The outline of the convex ribs overlies the contour of the concave ribs. The DRCS, results primarily from rib deformation and secondarily to vertebral rotation, because DRCS could be present in straight spines with no vertebral rotation. In all our school-screening referrals having ATIs >7°, the thorax deformity in terms of the DRCS/hump has already developed; 70% of these children were scoliotics. The rest had a curvature of less than 9°of Cobb angle (10%), or they were children with straight spines (20%) who were re-examined due to the existing rib hump. The non-scoliotics were 1.5 -2 years younger than the ones who had already developed scoliosis, and they both had a "rib index" of approximately 1.5. The DRCS was present in all referrals. In contrast, there was no scoliotic spine without it, as the DRCS was always present in scoliotic lateral spinal radiographs without exception. This observation supports the hypothesis.
A practical method of scoliosis detection using the Scoliometer as a multiple angle of trunk inclination system of back shape appraisal is reported by Burwell et al. [63] . We agree with the Discussant quoting Bunnell [59] , that ribcage asymmetry does not always equate with vertebral column asymmetry.
Body mass index (BMI)
Comment no4 I cannot confirm the excess of TA associated with relatively lower Body Mass Index (BMI) in girls and boys. In my material there were children with scoliosis and with high body mass and also the children with lower body mass, more with lower BMI. It is not important for aetiology, only important for clinical examination. In a child with high BMI it is more difficult to see early clinical signs of scoliosis.
Our conclusions relating to trunk asymmetry and BMI are based on statistical analyses. Do you have statistical analyses on which to base your statements? If so, we can discuss your findings in relation to the aetiology of trunk asymmetry. (Moderator: Statistical findings have not been communicated by the Discussant).
BMI and later menarche
Comment no5 Dr. Grivas' finding relating lower BMI to later menarche is established. Nature must ensure the human female has the ability to sustain a foetus so she will wait until a sufficient amount of fat is stored. According to Frisch [65] , a minimum level of fatness (17% of body weight) is associated with menarche.
Response. We agree! 'Mother Nature' must ensure the female has the ability to sustain a foetus so she will wait until a sufficient amount of fat is stored. We would also bear in mind that 'Mother Nature' is not creating on "credit" but on her own existing "wealth/energy" which in this case is fat. And it is very interesting to notice that the majority of scoliotics are in the group of low BMI.
The authors never claimed the 'paternity' of the statement relating lower BMI to later menarche, see [66] [67] [68] [69] [70] .
Comment no6 Significantly later menarche in girls is found to be associated with more severe TAs. Later onset of menarche means that the period of growth is likely to be prolonged. In that case, it is difficult to explain why boys are less prone to severe TA given that their growth period is longer.
Response. Girls mature earlier than boys. The onset of puberty in boys appears later than the age at menarche, a physiological event documented in human physiology. If menarche appears later, then the detrimental/aetiological factors responsible for scoliosis development in girls who are genetically susceptible to scoliosis have more time in their favour. In this connection, latitude is associated with age at menarche [66] [67] [68] [69] ; this explains why the prevalence of IS is more in northern latitudes than at the equator. This is useful knowledge in selecting the ages at which to screen girls for scoliosis (see response to Comment no. 11).
Biomechanical aetiology
Comment no7 My "biomechanical aetiology" [71] , unchanged for 15 years, answers all questions connected with aetiology of the so-called idiopathic scoliosis
In your publications the lack of numerical recording of observations and quantitative data makes it very difficult to make a scientific appraisal of your "biomechanical aetiology".
Posteriorly-directed shear loads on the pre-existing axially-rotated growing spine Comment no8 Read with interest. My only suggestion is that the author considers Rene Castelein's observation that slight right thoracic vertebral rotation is normal in the adolescent population [29] . This seems to me to be a simpler and more direct explanation of right apex predominance than invoking hypothalamic functional asymmetry. It would still leave the rest of the hypothesis intact.
Response. Professor Rene Castelein and colleagues reported that slight right thoracic axial vertebral rotation is a normal finding in the adult population [27] . This was confirmed in juvenile and adolescent children who were without evidence of spinal pathology [29, 72] . In these children, no statistical significant difference for pre-existing vertebral rotation was found between the sexes. While these findings provide a direct explanation of right apex predominance of AIS, they do not account for:
greater prevalence of girls than boys with RT-AIS sidedness of thoracolumbar and lumbar AIS, and larger severe TAs in girls Also, there is evidence for a "central" (CNS)" and not a "local" (spinal) aetiology for truncal asymmetry [60] . A significant positive correlation between cerebral lateralization as expressed by handedness and mild trunk asymmetry at the mid-thoracic region suggests a pathogenic role for the cerebral cortex in determining thoracic surface morphology (see Comment 9 and response).
A developmental laterality seems to be preset in normal subjects [21, 72] for thoracic ratio (TR) asymmetry (TRD) is evident below T2 and more in puberty than childhood. Table 8 in reference [21] shows that mean TR differences, statistically significant for asymmetry, are all negative, implying larger right than left thoracic ratios. This morphology was attributed to asymmetric muscular action, which is centrally directed.
There are sex differences of rib-vertebra angles (RVAs) during development reported for normal children [7] . The possible role of neuromuscular mechanisms being responsible for AIS pathogenesis are discussed by Grivas and colleagues [7, 8] .
Central nervous system (CNS)
Comment no9 I believe Dr. Grivas is correct that the primary force in the development of AIS is the CNS [73] , with a critical role played by the hypothalamus. We await further results from research into the aetiology of AIS to identify the other brain structures which we suspect are involved.
There is increasing evidence and growing support for the possibility of an underlying neurological disorder in the aetiopathogenesis of AIS [1, 2] . The evidence includes the spinal cord [74, 75] , hind brain [76] , motor control [77] , motor cortex [78] , supplementary motor area [79] , cerebral cortex [80] and vestibular system [58] .
Sympathetic nervous system
Comment no10 Since the sympathetic nervous system extends on both sides of the spine, it is not difficult to explain why a hormonally-mediated mechanism should affect one side more than the other, and cause a rightsided predominance of truncal asymmetry.
Response. Any sympathetic nervous system activation with asymmetry would lead to asymmetries in ribs and/or vertebrae producing trunk asymmetry when beyond the capacity of postural mechanisms of the somatic nervous system to control the shape distortion of the trunk.
Girls' susceptibility to circulating leptin
Comment no11 I do not understand why girls should have increased susceptibility to circulating leptin. If there are boys and girls who have similar BMIs, why then are only girls more susceptible to leptins? In most endocrine disorders we see that both sexes are affected more or less similarly. Why should endocrine-imbalance-induced TA be an exception to this?
Response. Healthy girls have higher serum leptin levels before, during, and after puberty than boys, even after accounting for the development of greater female adiposity [81] . The sexual dimorphism in leptin concentrations during puberty appears to be due also to a stimulatory effect of estradiol on fat deposition and leptin concentration in females, and a suppressive effect of testosterone on leptin concentration in males [81] . Hence, the bioavailability of leptin is different in healthy girls and boys [82, 83] .
We do not know why girls show more severe TAs than boys (see response to Comment no. 8). We suspect that this phenotypic sexual dimorphism of normal TAs is related to the onset and timing of puberty including 1) secondary sexual development, involving body composition [2, 84, 85] with girls depositing more white adipose tissue that generates higher circulating leptin levels than boys; 2) adolescent skeletal growth spurt, and 3) a putative asymmetry process as suggested for AIS girls [11, 12] (see response to Comment no. 2). Both 1) and 2) are initiated and controlled by hypothalamic mechanisms; The asymmetry process for which we discuss here autonomic nervous system mechanisms [11, 13] , does not exclude the possibility of somatic nervous system mechanisms contributing to the causation of TAs in some healthy subjects as suggested for the trunk deformity of some AIS girls [7, 8, 13] .
Appendix
In AIS subjects, asymmetries affecting the skeleton occur in the three cardinal planesfrontal, and particularly in the trunk, antero-posterior (sagittal, front-back), and transverse. Bilateral (left-right or mirror image) symmetry in animals describes a basic body plan in which left and right sides of the organism can be divided into approximate mirror images of each other along the midline [86] . Bilateral asymmetry, best known as directional asymmetry [87] , involves one or other side of the body being of different sizes; in the 3-D deformity of AIS it is found in frontal and transverse planes, the latter as neurocentral physeal growth asymmetries. Fluctuating asymmetry (not considered here) -a particular form of bilateral asymmetry characterized by small random deviations from perfect bilateral symmetry, is commonly used as a measure of developmental instability from environmental and genetic origins [87, 88] .
